A novel, un-even protection Phase Shift Keying technique is proposed for the encoding of the required modulation scheme in an adaptive modem arrangement, which exhibits an improved performance in comparison to previously proposed schemes. The performance is derived numerically and a system dependent optimisation is presented. A benefit of 5 dB is achieved in a Rayleigh channel.
INTRODUCTION
Adaptive modulation schemes [l] vary the number of transmitted bits per symbol on a frame by frame basis. Typically a robust modulation scheme is employed to mitigate bit errors during deep fades, and a less robust scheme exhibiting a higher throughput is invoked to exploit the short term improvement of the fading envelope. The correlation between the up-and down-link channel conditions in a Time Division Duplex (TDD) scheme can be exploited to estimate the channel quality before transmission. Each frame must carry some redundant information to identify which modulation scheme has been employed; these take the form of control symbols. Failure to correctly decode the control symbols in a practical system could be catastrophic, as not only would the current frame be lost, but the data synchronisation would be jeopardized. Therefore, it is equally detrimental to over-estimate or under-estimate the number of transmitted bits per symbol.
In this treatise we proposed a novel unequal protection control symbol encoding scheme and evaluated its performance in contrast to two previously published benchmarkers. Let us initially consider the simplest possible solution, namely using a single M-ary Phase Shift Keying (PSK) symbol for transmitting the number of bits/symbol sideinformation.
SINGLE PSK CONTROL SYMBOL
A possible approach to convey the number of modulation bits/symbol side-information is to employ a single M-ary Phase Shift Keyed (PSK) symbol, allowing the encoding of M different modulation schemes. The Symbol Error Rate (SER) of the control symbols, at a given SNR, will represent the probability of the receiver demodulating the data symbols within a frame with the wrong modulation scheme. where the Gaussian Q ( x ) function is defined by:
Therefore, generally Equations 1 and 3 may be written as:
The above general expression for the M-PSK SER, which was given by Equation 5, may be used to determine the upper bound performance [4] of the M-PSK SER in a Rayleigh fading channel as follows:
where N is the noise power and F ( s , S ) is the PDF of the fading Rician or Rayleigh channel. This PDF may be written in terms of the instantaneous received power, s, and the average received power S as:
I"
and 2s Figure 1 for K factors of 0, 4 and 16. These results were achieved by solving Equation 6 using the trapezium rule, with instantaneous power integration limits of -80dB and 20 dB and steps of 0.1 dB; the dBs were relative to the mean signal level. The Figure also shows simuiated performance of 5 PSK at the same K values. Good correspondence between the simulated and numerical results is achieved. It can be observed that the SER reduces with increased average channel SNR and increased K factor.
We have previously proposed [5] a scheme of optimising the switching levels in an adaptive modulation scheme to achieve a given target Bit Error Rate (BER) at the cost of the bits/sample (BPS) channel capacity. We optimised the switching levels in order to arrive at an upper bound performance for two schemes, one with a BER of 1.0 x lo-' and the other with 1.0 x Because of their BERs, we referred to these scehmes as speech and computer data systems and the optimised switching levels are shown in Table  1 , where the thresholds I1 -14 correspond to switching from disabling tranmissions in the lowest SNR region to binary PSK (BPSK), quaternary PSK (QPSK), 16-level Quadrature Amplitude Modulation (16QAM) and 64QAM, respectively. We note however that the associated delay or latency ramifications are currently under investigation. The acceptable SERs of the control symbols for the speech and computer data schemes are approximately 1 x and 1 x l o p 4 , respectively. The acceptable SER may only be approximated because the dependence between control symbol errors and BER in the data symbols has not been exactly quanti- 
MAJORITY DECISION BASED CONTROL Steele and Webb [l]
proposed an adaptive modulation scheme that employed one of four fixed differential modulation scheme depending upon the instantaneous channel conditions. It was proposed to use Differential PSK (DPSK) control symbols. In their system three identical differential control symbols were transmitted and a majority decision was carried out on the basis of the decoded control symbols. This scheme has been modified to use coherent detection and non-differentially encoded symbols. Irrespective of whether differential or non-differential encoding are used, this voting scheme can be be described by a Binomial distribution. Upon exploiting this binomial relationship as well as Equation 6, for non-differential transmissions over Rayleigh factors and both with 3-symbol majority voting disabled and enabled channels we have a control SER of: and these correspond well to the numerical results. The improvements that result from majority voting over the single control symbol transmission are approximately 1.6 dB, 2.1 dB and 2.7 dB for K = 0, K = 4 and K = 16 channels respectively. The explanation for the increase in differential between the majority voting and single control symbol transmission as K increases is the reduction of the fade depth. This is because the channel errors now become more random and independent , rather than bursty, thereby reducing the chances of several consecutive erronous symbols. The drawback of the proposed majority voting scheme is that it adds more redundancy to the transmitted burst.
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DISCRETE WALSH CODES
Otsuki et a1 161 also proposed using control symbols to identify to the receiver, which modulation scheme had been employed for the data symbols. They proposed using a four Q "t \ posed an adaptive modulation scheme that could transmit with one of any four fixed modulation schemes (QPSK, 16, 64 and 256 Square &AM) and therefore the minimum codelength was n = 2, although they opted for using n = 4. This required using the duration of four symbols to transmit the code. The performance of the Walsh codes, a s control symbols, was simulated in channels with Rician K factors of 0, 4 and 16. As a comparison, the performance of a single 4 PSK control symbol through a Rayleigh channel was calculated numerically from Equation 6. Both the Walsh function and the single 4 PSK control symbol performance are plotted in Figure 2 . This figure also re-plots the performance of a single 5 PSK control symbol from Figure 1 .
As expected, the single QPSK control symbol is slightly more robust than the single 5 PSK control symbol. The difference is about 1.5 dB under Rayleigh channel conditions. The Walsh code in a Rayleigh channel appears to be considerable better than the QPSK symbol, although they both signal the same information. However, the Walsh function occupies four symbol spaces. Gfeller [8] states that each time the number of samples of the same symbol is doubled and the resulting received signals averaged, the effective received SNR increases by 1010gl,(2) M 3 dB. This would suggest that transmitting the same single QPSK control symbol four times would result in approximately 6 dB SNR improvement over the single symbol performance given in Figure 2 . Therefore, the error rate of a burst of four identical QPSK control symbols, averaged at the receiver, would be approximately coincident in Figure 2 with that of the Walsh code. For the case of four fixed modulation schemes using Walsh codes and averaging an equivalent number of times repeated QPSK symbol in order to convey the side-information have an equivalent performance. However, when the number of fixed modulation schemes deviates form 2n, the additional flexibility of the repeated PSK symbols is a more attractive than using the Walsh code for transmitting control information.
UNEVEN ERROR PROTECTION
A novel approach to the problem of control symbol transmission is to use modulation symbols that have uneven error protection. Consider a coherent PSK modulation constellation with N complex vectors, C1 . . . C N , and N decision boundaries at 81 . . . O N . If such a constellation was to be transmitted using QPSK then conventional thinking would maximise the minimum distance between each of the N vectors. This maximisation would result in the vectors being equally distributed around a circle and the decision boundaries also spaced evenly with the same separation as the constellation points. This is the case for conventional PSK because there is no correlation between the symbol transmitted and the channel conditions. However, when PSK symbols are used to transmit control information about the fixed modulation scheme that has been employed for the data in the frame, there will be a strong correlation between the channel conditions and the symbol transmitted. It is therefore proposed to use a robust symbol communicate that there is no data in the frame and accept a more noise sensitive symbol when the data is encoded with square 64 &AM. For an adaptive modulation scheme that can employ No Transmission, BPSK, QPSK and 16 or 64 square &AM this uneven error protection 5 PSK symbol is shown in Figure  3 . optimisation, where the cost function was P,(S/N) and the initial conditions were 81 -85 = 82 -81 = 8 3 -8 2 = Q4 -83 = 85 -84 = 0 . 2~. The optimisation was conducted for average SNRs of 10, 15, 20, 25, 30, 35 and 40 dB and for each average channel SNR value the optimisation was terminated, when the iteration on iteration improvement was less than 1%. The optimal vales for 8 , at the range of average channel SNRs are given in Table 2 for the speech-optimised scheme, while for the computer optimised schemes in Table 3 . 
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RESULTS AND CONCLUSIONS
The results of the phase optimisation are also plotted in Figures 4 and 5 in terms of the optimum phase rotations versus average channel SNR. Both these Figures show clearly that the control symbol transmitted at high SNRs require smaller 'protection zones' compared with the symbols transmitted at lower SNR. In the case of the speech system characterised by Figure 4 , it can be seen that the rotation between adjacent phasor positions is less than for the computer data system, while the disabled region's protection zone is wider. Since there is less less protection zone between the speech system's decision angles, there is a reduced overall benefit from employing an un-equal protection control system. Conveniently, however, this is less of a problem, because the acceptable BER in the speech system is higher and therefore control errors are also more acceptable.
Figures 4 and 5 also show that once the average channel SNR exceeds about 25 dB, there is little change in the optimum symbols decision thresholds angles. Therefore, there is little benefit in changing the symbols decision threshold angles on the basis of the long term signal level. Results are shown in Figure 6 for the simulated and numerical solution of the SER using the symbols decision threshold angles, which were optimum at 30dB. It can be seen that the penalty for using the 30 dB optimised angles for all SNRs is small, limited to 1 dB and 2 dB for the speech and computer data systems, respectively. However, the total SNR benefit of using un-equal protection PSK is in access of 5 dB for the computer data system and 1 dB for the speech system. This is virtually a 'zero-cost' improvement and sets an upper bound on the performance for a single control symbol. Multi-symbol performance can easily be determined by exploiting Gfeller's [8] expression.
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